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UNITED STATES 
DEPARTMENT OF THE INTERIOR 

GEOLOGICAL SURVEY 

PRELIMINARY REPORT ON SOME FACTORS 

AFFECTING SHOTPOINT EFFICIENCY* 

by 

W. H. Jackson** and J. H. Healy** 

ABSTRACT 

Technical Letter 
Crustal Studies- 17 
February 10, 1964 

A study of first-arrival amplitudes from 6 water shotpoints and 7 

drill-hole shotpoints in parts of central and we s te r n United St a tes 

indicate a variation of over 100 to 1 between the best and poor est 

shotpoints. 

Water shotpoints are, in general, superior t o drill- hole shotpoint s ; 

however, one drill-hole shotpoint produced higher s i gnal amplitudes than 

more than half of the water shotpoints. Signal ampl itudes from drill-

hole shotpoints varied by a factor of over 20. Saturated clay shoot i ng 

medium appears to be the best shooting medium. Amplitudes from water 

shotpoints varied by a factor of about 10 . Signal amplitude increases, 

in general, with water depth for bottom shots. 

* Work performed under ARPA Order No. 193-63. 
** U. S. Geological Survey, Denver, Colorado. 



UNITED STATES 
DEPARTMENT OF THE INTERIOR 

GEOLOGICAL SURVEY 

PRELIMINARY REPORT ON SOME FACTORS 

AFFECTING SHOTPOINT EFFICIENCY* 

by 

W. H. Jacks on** and J . H. Healy** 

I ITROlDUCI'ION 

Techn ica l Le t ter 
Crusta l Studies-!' 

February 10, 1964 

The amp litude of a se i smic signal r ecor ded a t a distance from a 

sho t point is dependent upon a large number of factors inc luding many in 

r he i mmedia t e v icinity of t he shot point, A few o f thes fact rs are: 

s i ze a nd di s t r i bu t ion of t he cha rge , phys ica l prope r t ie o f the explos i ve 

and o f t he me dium enc los ing the charge ,1 a nd t he geo log ic envi r onment of 

the shot point. The succe s s o f a sei smic exper iment i nvolvi ng the 

record i ng at di stances of seve r al hundr ed kilometer s is dete rmined t o a 

l a rge extent by the selec t i n o f shctpoint s having the be st pos s ib le 

condi t ions . When ope r a t ing i n a new a r ea there i s always a uncerta i nty 

as t o the efficiency of the shotpoint . In genera l, de t ona tions in wat e r 

can be e xpected to give greater s i gnal ampl i tudes t ha n n drill ho l es, 

but i n many parts o f th e country} such a s i n t he ari d r egions of s uth-

we s te r n United State s , l akes and reservo irs are s carce, a nd are e ithe r 

too shal l o~., t o be of r ac tica l use or could requ i r e expens ive fi s 

restocking pr ograms. For t hese reas ns i t has been nece s sary t o increase 

t he use o f dr i l l- ho le sho t points i n r ecent seismi c p r ograms . 

* Wor k performed under ARPA Order No. 193- 63 . 
** U. S. Geolog ica l Sur vey, Denve r , Co l orad 
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The uncertainties in the selection of efficient drill-hole shotpoints 

are enormous. This problem is due partly to the lack of specific geologic 

i nformation, such as ground-water levels, in areas remote enough to allow 

the detonation of large charges. The more serious uncertainty is that of 

the effect of the shooting medium and of other variables in the vicinity 

of the shotpoint on its efficiency. 

Some of the variables o f both water and drill-hole shotpoint s have 

been studied, but additional work must be done to obtain more conclusive 

results. 

FIELD MEASUREMENTS 

Two types of explosives were in common use during the 1961, 1962, 

and 1963 f i eld seasons. Commercial nitro-carbo- n itrate explos i ve in 5~ 

pound metal cartridges was used for most water shotpoints, and DuPont 

"Super Tovex" gel was used in most drill- hole shotpoints. Th e military 

explos i ve "Composition B," cast i n 50- pound cans, was used for some of 

the water shotpoints . In general , large shots were fired i n pa t terns, 

the size of the individual charges depending upon shotpoint conditions. 

The minimum charge size f or shallow water shotpoints was 150 pounds, 

and for the average drill hole, 1000 to 2000 pounds. Charges as large 

as 20,000 pounds were fired for long- distance observations. Record ings 

were made using seismometers hav i ng a natural frequency of 2 cps and an 

average output of about 2 volts/in/sec when damped to about 50 per cent 

of critical by the combined impedances of the seismometer cable and 

2 



system input. Details have been reported on specifications and operation 

of the recording equipment and on field procedures {Warrick and others, 

1961; Jackson and others, 1963). 

SHOTPOINT EVALUATION 

Until very recently in North America , explosion seismology on a 

crustal scale depended upon shotpoints in water bod i es , upon quarry 

blasts, nuclear shots, or upon engineering blasts such as the Ripple 

Rock explosion. In a sense, the location of the area of study was 

determined by the shotpoint location, It was recognized that quarry 

blasts using delayed shooting were inefficient sources of seismic energy 

{Steinhart and Meyer, 1961, p. 181-184), and that the frequency spectra 

are controlled to a large extent by the size of the individual charges 

and the delays between each charge rather than by the total shot 

{Pollack, 1963). In 1958, Richards and Walker {1959) organized a large

scale experiment in Alberta using drill-hole pattern shots totaling 875 

pounds per shot, and in 1960, Cram (1961), using 5-hole pattern shots, 

fired a maximum charge of 3,300 pounds in a crustal study of the Texas 

Coastal Plain. In 1961 the U. S, Geological Survey initiated a long

range program of seismic-refraction recording in parts of Western and 

Central United States as a part of VELA UNIFORM. During this year 10 

shotpoints were used, 3 of which used drill holes. A total of 74,000 

pounds of explosive, ranging from 500 to 10,000 pounds, was fired in drill 

holes. During the continuation of the program in 1962, approximately 



375,000 pounds of explosives was detonated in 13 drill-hole shotpoints . 

Only 5 shotpoints during this year were in bodies of water. During the 

1963 program, 10 of a total of 16 shotpoints used drill holes in which 

a t otal of 140,000 pounds of explosives were detonated. The largest 

single drill-hole shot was 20,000 pounds. During each of the 3 years 

of work, shooting was done in bodies of wa t er when possible because o f 

the increased shotpoint efficiency and lower cost. Du r i ng 1962 and 

1963 the objectives of the program were shifted from general reconnais~ 

sance investigations to studies of specific areas, great ly limiting 

possible shotpoint locations and requir i ng a larger percentage of dri ll

hole shotpoints. 

Numerous papers have been published on phases of water shooting 

(Raitt, 1952; Weston, 1960; Willis, 1963 ). Others have been published 

on phases of small explosions in drill holes (Ricker, 1951; Duval and 

Atchison, 1957; Adams and Swift, 1961) , and many on the study of 

environment in nuclear explosions, for example , Warner and Violet 

(1959), Werth and others (1962). 

Gamburtsev (1952) describes early work by the Russians using 

pattern shots consisting of a maximum of about 100 pounds loaded in 

shallow holes. Charge sizes have been increased over the years 

(Veytsman, 1962) until charges as large as 10 metric tons have been 

fired in some regions of Russia. 
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A common means of expressing phase amplitude versus distance is by 

the equation: 

( 1) 

where A is phase amplitude at distance r; 

n represents the rate of geometrical spreading, and 

a is the coefficient of absorpt ion. 

If the period of A does not vary over the range of s tudyJ the 

equation is applicable for A in units of di splacement, velocity , or 

acceleration, Under these circumstances i t is common to omit the term 

involving the coefficient of absorption, a , and to include both geo-

met r ical spreading and absorpt ion losses into a single exponent, n: 

( 2) 

where ~is the distance. 

Using the above equat ion, the term A0 could be considered as a figure 

o f merit when comparing shotpoints, 

First arr ival amplitudes of the Pg phase at various azimuths from 

5 shotpoints in western United States (Eureka, Fallon, Mountain City, 

and Lake Mead, Nevada, and Santa Monica Bay , California) were normalized 

linearily to 2000-pound shot, plotted (Figure 1) , and a least~square fit 

was established for the data. The least-square slope (n, equation 2) f or 

the group was 1.78. The best fit, using the slope determined f or the 

group, was obtained for amplitude data for each azimuth for the 5 shot-

points , and the A0 intercept was computed (Table 1) . 
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Shotpoint 

Group 

Eureka ; Nev . 

Eureka , Nev. 

Fallon , Nev. 

F'allon 1 Nev. 

Lake Mead , Nev. 

Santa Monica BayJ 
Ca li£, 

ounta i n City , 
Nev . 

Table 1 

Orientation 

toward Fa llon 

t oward Mt. City 

toward Eureka 

t oward Mono Lake , 
Calif, 

toward Mono Lake , 
Ca lif. 

toward Lake Mead 1 

Nev . 

toward Boise 1 I da. 

Ao Log10 intercept Amp , rat io 

4.22 2.8 

3.77 1 

3.85 1.2 

4. 67 8.0 

4.76 10.0 

4,16 2.5 

4.16 2.5 

4.65 7 .,6 

The uni ts , Log10 ampl itude i n mi ll imicr ons } have no phys ica l signi i = 

cance other than it is the e xtensi n of the amplitude curve to the 1-kilo-

met e r di stance . The values do give a parameter f or comparing the various 

ampl i tude s recor ded from each shotpo i nt of t he group. Fallon shotpoint i s 

consi stently higher than t he average and Eureka is l ower . Lake Mea d and 

Santa Monica Bay are abou t the average. Of interes t i s the good a greement 

between A
0 

intercepts f or va rious azi muths of the same shot poi nt. 

One disadvantage of the above method is that the attenuation s l ope 

o f the individual shotpoint may vary cons i derably fr om that of the group. 
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For example , the amplitude-distance curve for the Eureka shotpoint 

recorded toward Fallon shows a dropoff with distance much greater than 

the above group average (Figure 2J from Eaton, 1963). Further, this 

data can not be fitted with single curve describing a simple exponential 

dropoff . Other inaccuracies may arise when choosing the proper scaling 

fa c t or f or charge size. Over the Pg range from 10 to 160 km the charge 

s i ze may be increased by a fac tor of 3 or 4, but 1 i n general , l i near 

scaling of amplitude with charge size has been found to be a reasonable 

approximat i on (O ' Brien, 1960 ; Gaskel l, 1956). 

I t i s usual f i e l d pract i ce , at the conc l usion of each day ' s shooting j 

f or observers t o repor t by rad io on t he overa l l quality of his data and 

t o g i ve the peak~ to~ peak amp l i t ude mea sur ed f r om the fi rst trough to t he 

next eak of the f i rst arrival, in micr ovolts r eferred t o t h e output of 

t he seismometer. An ampli t ude-distance curve , norma l i zed by l inear 

sea ling t o 2000 poun ds , i s plotted for the recor di ng line fr om each sho t Q 

poin t and i s used as a first approximation determina tion of t he r e l a tive 

shotpoint efficiency and , in the case of poor energy output or severe 

attenuation of amplitude wi t h d i s t ance, t o make any necessary cha nge s 

in the recording plan. 

Figure 3 is taken fr om f i eld p l ots for a number of shotpoints. 

Data points , wh i ch are omitted f or t he purpose of c lar i t y , show the 

characteristic scatter. Field plots fo r 16 dr i l l=hol e and wa ter shot 

po ints in var ious geologic provinces of Cent ral and Wes t ern United States 
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) 

were studied in an effort to ob t a in a common parameter that could be 

used i n evaluat i ng shotpoint efficiency. In general , first motion 

could be detected a t distances less than 80 km. At di stances less 

t han 40 km there were doubt s in some cases that the firs t arr ival was 

Pg • Essential l y a grea t part o f the data obtained over the 40 to 80 

km range was with 200~pound shots. Much of the data in the 40 to 

80 km range f i ts an inverse~ square dr opoff . Exceptio~ s are Lida 

J unction, Nevada , Eur eka, Nevada , Chinle 3 Ari zona ~ and Lake Mea d, 

Nevada ( Fi gure 3). 

Within this range , inter va l velocities of the r efracted arr i va ls 

are nea r 6 km/ sec$ th e velocit y associa ted with Pg• Using the 

amplitudes measured a t the cente r point o f t h is range ( 60 km) as a 

common parameter , Table 2 li sts the shotpoints in or der of peak-to

peak s i gnal amplitude a s measured from the f i rs t t r ough t o the next 

peak, Data tha t would not fit the inverse-square dropoff we r e not 

included in this evaluat ion. 

Table 2 indica tes an amplitude ratio of about 100 to 1 between 

Lake Superior ; Wi scons in and M'nnesota , which i s cons i dered the bes t 

of the group , and t he Hanksville~ Utah , shotpoint, the poor est . In 

terms of partic le velocity, and assuming l inear sca l i ng 3 100 pounds 

of explos ive was r equ i r ed a t Hanksvil le f or each pound a t Lake 

Superior f o r the same ampl i t ude , Amplitude ra tio between the best 

(Ludlow1 Cal i f.) and the poor est dr ill hole shotpoint ( Hanksville) 
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Table 2 . 

Recording Amplitude 

Shotpoint Location Type Direction (Microvolts ) 

Lake Superior Minn., Wise. lake west 310 

Fallon Nevada lake west llO 

Ludlow Ca lif, dr il l hole wes t 70 

Ste, Genevi eve Mo. r iver nor th 60 

Flaming Gorge Utah reservoir nor t h 50 

Nee Granda Colo. reservoi r west 50 

Mono Lake Calif, lake west 32 

Mountain City Utah dr i ll hole north 30 

Delta Utah drill hole west 25 

Dribble Miss. dr i ll hole north, south 15 

Gladden Mo. drill hole east 7 

Mo jave Ca li f . drill hole east 6 

Hanksville Utah drill hole south 3 

Eureka Nevada dr i ll hole wes t 

Lida Junction Nevada drill hole north 

Chinle Arizona drill hole north 

was over 20, while the water shotpoints range through a factor of about 10, 

Other observers have reported similar amplitude ratios, Burkhardt 1963) 1 

in firing small charges, observed a 20:1 energy ratio for underwater t o 

underground explosions , and Gaskell (1956) reports an i mprovement of 4 t o 

1 for water as compared to drill-hole shotpoints, 
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Water shotpoints 

From past experience, water shotpoints have been more efficient than 

drill-hole shotpoints. The increased efficiency is probably related to 

the manner of energy transfer in the immediate region of the explos ion . 

Coup ling is more uniform in water shooting than in drill holes , and there 

are fewer complica tions in de termi ning maximum charge sizes f or a gi ven 

dep th fo r a cont ained water shot than f or a dril l hole. 

Although there appears , wi th one e xcep t i on (Mono Lake , Table 3) to 

be a direc t correlat ion be tween water depth and amplitude for t he water 

shotpoint s , other complicating fact ors such as th ickness of t he sedi-

menta ry layer, bot t om t ype , charge s ize and di str i bution, et c . , may be 

o f importance i n determining the ef f i c i ency of t hese shot point s . 

Table 3 . - -Water Shot po i n ts 

Water 
Shotpoint Amp l i tude , liv P g Intercept , sec Depth, Bottom 

f t 

Lake Super i or 310 0. 8 >100 Precamb r i an 
r ocks 

Fallon 110 1. 6 80 unconsol. 
s ed . 

Ste. Genevieve 60 0 . 1 27 sed. r ocks 

Flami ng Gor ge 50 0. 5 23 sed, r ocks 

Nee Granda 50 0 .7 23 unconsol . 
s ed, 

l-tono Lake 32 1.4 50 uncon so l , 
c lastic r ocks 
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Veytsman (1962) observed an improvement of about 4 in the Ukranian 

crystalline shield area as compared with the Transcarpathian flexure 

where the sedimentary section is between 7 and 8 km thick. Energy from 

t he Lake Superior shotpoint, in the southern extremity of the Canadi an 

Shield, is about 6 times that received from the Nee Granda Reservoi r in 

the Great Plains, where the sedimentary section is over 2 km thick , 

However, the sedimentary section in the Fallon area may be comparable in 

thickness to that of the Mono Lake area, yet the energy from Fal lon was 
. 

over 3 times that recorded from Mono Lake, suggesting that fact ors other 

then the thickness of the sedimentary section may have a greater af fe c t 

on shotpoint efficiency. 

The sequence of events taking place during underwater exp los ion s 

has been established and described in detail by Cole (1948). Following 

the detonation of the explos i ve , a shock wave of high ampl i tude and 

velocity is radiated into the water. When the shock wave reaches the 

water surface, i t i s reflected as a tension wave forming a reg ion of 

cavitation which may result in a dome of broken water or spray ( Figure 4) , 

Simultaneously, the gas bubble i s expandi ng and contracting and migrat ing 

upward toward the surface. The most spectacular surface feature i s at 

the moment the gas bubble breaks the surface and f orms a plume o f wa ter 

(Figure 5). The oscillations of the gas bubble result in "bubble pul ses , " 

a source of compressional energy, Bubble-pulse period depends upon charge 

size and water depth ; but even for small charges on the bot t om of shotpoint s 

such as Flaming Gorge , several pulses should have occurred but were too 

weak to have an apprec i able effect on the recorded data. 
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Figure 4.--Spray domes from shot "American Falls No. 1", 
consisting of two l,O~pound charges detonated 
on the floor of the American Falls Reservoir 
near Pocatello, Idaho. Water depth was 62 feet. 

Figure 5.--Water plume from shot "American Falls No. 1". 
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Pattern shooting was used at the shallow-water shotpoints, and the 

charge size versus depth relationships were designed to reduce the air 

blast of the gas bubble when breaking the water surface. Maximum charge 

size for a given depth was established at Nee Granda Reservoir and 

extended to greater depths (Figure 6) , assuming that maximum charge s i ze 

may be increased with the cube r oot of the dept h . This assumption was 

found to be reasonab le and the curve was tested t o a maximum of 2000 

pounds at about 47 feet . 

Drill-hole shotpoints 

The seven dr i ll- hole shotpoints listed i n Table 2 are retabula ted 

according t o signal ampl itude i n Table 4, wh ich i nc l udes a ddit iona l 

data on these shotpoints . As with water sho t points, no s i ngle factor 

appears to be out standing i n controlling good or poor shotpoint effic i ency. 

The shooting medi um for three o f the best shotpoint s , Ludlow, Delta 1 

Utah , and Dribble (Tatum Dome area , near Hattiesburg, Miss,), was 

satura t ed clay . The veloc ity of the clay , as determined by de tailed 

measurements, increased from 1 . 4 km/sec at Ludlow to 2.0 km/ sec a t Dr ibble , 

suggesting an inverse correlation betwe en ampl itude and medi um velocity 

(Kisslinger and Gupta, 1963). The Moun tain City shotpoint was in a 

highly faulted complex region. Drill i ng logs show the shooting med i um 

to be clay in pa r ts of the area , basalt flows i n others , and possib le 

granite in the remainder , so the shooting medium i s in quest ion. Cha r ges 

were placed below t he water table for all shots at Moun ta in City. 
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..... 
CX> 

Shotpoint 

Ludlow 

Mtn. City 

Delta 

Dribble 

Gladden 

Mojave 

Hanksville 

Signal 
Amp. 
( ~V) 

70 

30 

25 

15 

7 

6 

3 

Shooting 
Medium 

clay 

basalt, 
clay, 
granite 

clay 

clay 

dolomite 
limestone 

decomposed 
granite 

shale 

Medium Velocity pg 1st Arr ival Charge 
vl km/ sec In tercept a t 60 km Period Dist. Size 

Period of First Arrival 

v2 km/ sec (sec . ) ( sec. ) (sec . ) (km) (lb . ) 

1.4/2.7 0.8 0.12 0.070 3 4,000 
0.120 14 " 

2·9/5. 3 0.1 0.11 0 .065 7 4,000 

1.9/5.2 0.1 0 .12 0.040 2 250 
0 . 050 II 

2.0 2.5 0.13 0. 100 3 1,000 

0.1 

3.2/4.2 0.7 0. 11 0.075 6 4,200 

2.0/ 4 . 5 1.1 0.12 0.065 2 2}000 
0 .<)90 10 " 

Table 4. -- Dr i ll-hole Shotpoint s 



The t hicknes s of t he sed imentary sect ion , as i ndica t ed by t he 

5 km/sec ( or greater ) in tercep t ~ doe s no t appear t o be greatly 

impor t ant i n reduc ing the recorded amp l i tudes . This agrees in general 

wi th observations fr om the water shotpoints . 

aking the dura t ion o f the f i r st pul se a s t he ha lf period, t he 

pe riod of the f i r st a rrival a t about 60 km f rom a ll shotpoint s of 

t h i s gr cup i s between Ooll and 0, 13 seconds . The r e appea rs t o be no 

ove ra ll r e lat i on be t ween t h is pe r iod and the shot point e f iciency, or 

shooting medium , Per iods of near-in ob se r va tions may have little 

s i gni f icance becau se they we r e not all ma de of constant charge s i zes 

a t cons t ant di s t ances ; however} there appears to be no l arge dif erence 

i n per iods be tween good and poor shotpoint s or between cont r asting 

me di a such a s c lay and ha r d r ock from nea r - i n ob serva tions. 

Some shot po i nt s dr i lle d i n hard r ock {Gladden} Mo ., f or example) 

appear t o have a much lower s i gnal amp l i tude than those in c lay . 

This i s in agreement wi th th e mode l s t udi e s o f Kis s l inger and Gupt a 

( 1963). 

The mi sma tch in char ac ter i s t i c impedance s between eh.-plos ive and 

me di um ( Nichols , 1962 ) i s apparent ly not ser ious in the case of a c l ay 

shoot i ng med i um . Further , the impedance of dolomite a the Gladden 

sho t point ( about 40- l b- sec/in3
) probably most nea rly ma t ch es t hat of 

t he e xp los i ve ( about 32-lb= sec /in3 ) J yet Gla dden i s cons idered a 

rela t i ve ly poor shotpo i nt , 
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SUMMARY 

Based on first-arrival amplitudes from 6 water shotpoints and 7 

drill-hole shotpoints in parts of central and western United States , 

the following observations have been made : 

1. Water shotpoint s are , in general , more efficient than drill

hole shotpoint s. For the group of shotpo ints s t udied 1 the s i gnal 

amplitude ratio between the bes t water shotpo i nt and the poorest dr i l l

hole shotpoint was over 100 to 1. 

2. The variation in effic i ency of dr i ll- hole shotpoints i s about 

twice that of water shotpoints . Extremes in eff iciency for dri ll- hol e 

shotpoints was over 20, while water shot points ranged by a fac t or of 

about 10 . 

3 . Water shotpoints are no t always super i or t o dr ill- hol e shot = 

points ; one drill-hole shot point was super ior t o more t han hal f of 

th e water shot points . 

4. Signal ampl i tude from water shotpoints increase s , in g enera l ~ 

with depth. The Lake Superior shotpoint in the Canadian Sh i e ld area 

produced about 6 t i mes more ene r gy than the Nee Granda shotpoin t in 

the Great Plains of Colorado. 

5. The shooting medium for drill-hole shotpoints appears to be 

the controlling factor; saturated clay appears, in general , t o be 

superior to hard r ock. 
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